and small arylsulfates (1) . SGC is a physiological substrate of ARSA; it accumulates in the brains of Arsa -/-mice and of metachromatic leukodystrophy patients with a genetic deficiency of ARSA (2) . In the male reproductive system, ARSA is present in the lysosomes of Sertoli cells and in the acrosome of spermatids and sperm (3) . In the epididymis, ARSA is secreted by principal cells into the lumen and subsequently it binds to the sperm head via its affinity for cell surface SGG (4) . However, ARSA binding to SGG on the sperm surface is presumably not at the active site pocket of ARSA, since it does not lead to SGG desulfation (4) . We have shown that both surface ARSA and SGG co-exist in sperm head lipid rafts (5;6). Both ARSA and SGG have direct affinity for the zona pellucida (ZP) (5;7) and thus contribute to the binding of the sperm lipid rafts to the ZP (5).
SGG is a sulfoglycolipid present selectively in mammalian male germ cells at high levels (10 mole% of total cell lipids). The main molecular species, accounting for more than 90% of total SGG in male germ cells, contains C16:0 alkyl and C16:0 acyl chains (8) . SGG is synthesized in primary spermatocytes through sequential steps including galactosylation of alkylacylglycerol (palmitylpalmitoylglycerol -PPG for the main SGG species) by ceramide cells and finally sperm (8) . Significantly, SGG is essential for the continuation of spermatogenesis. Mice genetically null for Cgt or Cst are infertile due to an arrest of spermatogenesis during pachytene spermatocyte development (11;12) .
While the biosynthetic pathway of SGG has been delineated, the degradation process of SGG in the testis has not been well defined. Degradation of SGG would likely occur on membrane remnants of apoptotic germ cells after phagocytosis by Sertoli cells. It is well known that during spermatogenesis, testicular germ cells (TGCs), especially spermatogonia and spermatocytes, undergo apoptosis at a significant rate (>50% of total TGCs) (13) , and that Sertoli cells are responsible for phagocytosis and degradation of apoptotic germ cell components (14;15), including SGG. Like SGC and other glycolipids, elevated intracellular levels of SGG are likely cytotoxic (16) . In fact, intracellular buildups of SGC and several other glycolipids are known to cause lysosomal storage disorders (17;18) . Therefore, Sertoli cells would have to degrade SGG into a deglycosylated neutral non-toxic lipid, such as PPG. Based on the known degradation pathway of SGC (8) , this would require ARSA to desulfate SGG to form GG, and then galactosylceramidase (GALC) to degalactosylate GG to form PPG (17) . This SGG processing would allow Sertoli cells to continue their roles in supporting the ongoing development of TGCs (13;19) , and through a recycling process make available the essential substrate(s) for SGG synthesis by the new generation of testicular germ cells. In this study, we describe the significance of Sertoli cell lysosomal ARSA in these processes, using Arsa
MATERIALS AND METHODS

Mice
Details of Arsa -/-
mice with congenic C57BL/6J background were as described (20) . Both wild type and Arsa -/-mice were bred and housed in our animal facilities, following the protocols approved by the Ottawa Hospital Research Institute Animal Care Committee.
Mating study
This was done with four wild type and eight Arsa -/-male mice over a 6-month period starting when the males were ~2 months old. Each male was individually caged with an 8-weekold wild type female (C57BL/6J) for a duration that the female gave birth to 2 litters. Afterwards the female was replaced with another 8-week-old wild type female. The replaced females were caged individually for an additional month to ensure that no live births were missed. All the females used were proven fertile by their ability to deliver pups following mating with wild type males after this 1-month waiting period.
Sperm-ZP binding and in vitro fertilization
General protocols were as previously described (21) . Motile sperm were collected from the swim-up fraction, and an equal number of wild type and Arsa Testis and epididymis sections from wild type and Arsa -/-mice were prepared for light and electron microscopy analysis, and profile areas of their seminiferous tubules were quantified and statistically analyzed as previously described (22) .
Detection of apoptotic cells
The terminal deoxynucleotidyl transferase mediated dUTP Nick End Labeling (TUNEL) assay was performed on testis sections of wild type and Arsa -/-mice. Paraffin sections were deparaffinized and rehydrated serially in decreasing concentrations of ethanol, and were then permeabilized in 0.1% Triton X-100 in 0.1% sodium citrate (8 min, room temperature (RT)).
After two rinses with PBS, the sections were treated with 1% hydrogen peroxide in 70% ethanol for 10 min to quench endogenous peroxidase activity. Following two washes in PBS, TUNEL staining were carried out using the TUNEL Enzyme and TUNEL Label Mix (Roche Applied 
Quantification of SGG from whole testis and sperm lipid extracts
Lipids were extracted from decapsulated testes and PBS-washed epididymal and vas deferens sperm and subjected to liquid chromatography ESI-MS/MS and MRM for SGG quantification using deuterated SGG as an internal standard, as previously described (23) .
Electrospray ionization mass spectrometry of glycolipid bands uniquely present in Arsa -/-testes Testis lipid extracts from wild type and Arsa -/-mice at both 5 months and 8 months of age were subjected to high performance thin layer chromatography (HPTLC) followed by orcinol staining, as previously described (24). Glycolipids were stained purple, whereas phospholipids turned brown. In Arsa -/-mice, an extra glycolipid band chromatographed between SGG and phosphatidylcholine was observed and the area of the HPTLC plate around this band, starting underneath the SGG band was scraped for lipid extraction by the Bligh/Dyer method (24).
Extracted lipids were subjected to ESI-MS/MS as previously described (23;25).
Imaging mass spectrometry
This was performed on frozen sections of 8-month old wild type and Arsa -/-testes, which were thaw-mounted onto indium-tinoxide-coated glass slides (Bruker Daltonics, Leipzig, Germany), using a MALDI-TOF/TOF type instrument, Ultraflex 2 TOF/TOF (BrukerDaltonics), in the negative mode with 2, 5-dihydroxybenzoic acid as a matrix, as previously described (26).
The spatial resolution of the obtained images was 25 µm.
Flow cytometry of SGG of TGCs
A testicular germ cell mixture was prepared by sequential enzymatic digestion of seminiferous tubules with collagenase and trypsin. Decapsulated testes were first digested with 0.5 mg/ml collagenase in Dulbecco's Modified Eagle Medium (DMEM, Invitrogen, Burlington, ON, Canada) at 33°C for 15 min with constant shaking at 100 cycles per minute. At the end of the incubation, the dissociated tubules were allowed to sediment by unit gravity and then washed 3 times with DMEM. The tubules were further digested with 0.5 mg/ml trypsin in DMEM supplemented with 1 µg/ml of DNase I at 33°C for 15 min with constant shaking at 130 cycles per minute. During the collagenase and trypsin treatments, the tubules were continually flushed with 5% CO 2 . As a last step, soybean trypsin inhibitor (SBTI) was added to the suspension to a final concentration of 0.5 mg/ml. The suspension was gently processed through a large bore plastic transfer pipet to dissociate small cell clumps and then filtered through a 70 µm nylon screen. The filtered cell suspension was washed 3 times with washing buffer (0.5% bovine serum albumin (BSA), 0.25 mg/ml SBTI, 0.5 µg/ml DNase I in DMEM) by centrifugation (450 g, 
ARSA enzymatic activity assay
Homogenates of Sertoli cells and TGCs in 250 mM acetate buffer, pH 5 were used to assess the desulfation activity of p-nitrocatecholsulfate as previously described (28).
Statistical analyses
Student's t test and ANOVA were used to determine significant differences between two data sets. Table S1 ) and general appearance were similar to those of age-matched wild type males, and there were no visible indications that their sexual activities were impaired in any way.
RESULTS
Decreased fecundity and spermatogenesis in older
Testis histology revealed that spermatogenesis in 8-month old Arsa -/-males was compromised with high rates of apoptotic germ cells (Fig. 2B) , disorganization of germ cell layers ( Fig. 2A ) and smaller profile areas of seminiferous tubules ( Fig. 2C ), compared with agematched wild type tubules ( Fig. 2A , B, C). As a result, testis weights and the numbers of sperm produced by 8-month old Arsa -/-males were only 60% and 50%, respectively, of wild type males at the same age ( Fig. 2D , E). Immature round germ cells were also present in the lumen of the epididymis of 8 month-old Arsa -/-mice ( Fig. 2A , bottom far right panel). However, the epididymal epithelium appeared to be normal ( Fig. 2A) and the epididymis and seminal vesicle weights were unchanged from those of wild type mice (Supplemental Table S2 ), results
suggesting that the observed abnormalities in spermatogenesis were likely not due to alterations of testosterone levels. In 5-month old Arsa -/-males, spermatogenesis and other related parameters were normal ( Fig. 2A , B, D, E). In fact, Cgt and Cst were expressed at similar levels in TGCs of 8-month old Arsa -/-and agematched wild type mice (Supplemental Fig. S2 ).
Changes in SGG levels in
The increased levels of SGG in 8-month old Arsa -/-seminiferous tubules were confirmed by imaging mass spectrometry (Fig. 4) . In the testis, ARSA is present in two cell types, TGCs and Sertoli cells (3) . In TGCs, ARSA is synthesized in primary spermatocytes (3;29) and finally trafficked to the acrosome of spermatids (3) . ARSA in Sertoli cells is localized to lysosomes and late residual bodies (3) . Notably, the activity of Sertoli cell ARSA was much higher than that of 3D ). Immunolocalization of SGG in Triton X-100 treated Sertoli cells isolated from 8-month old
Arsa -/-
and wild type mice verified this (Fig. 6 ). SGG staining was at a higher intensity and in larger clumps in Arsa -/-Sertoli cells than in wild type cells (Fig. 6 ). These Arsa Presumably, saposin B essential for delivering "solubilized" SGG into the active site pocket of ARSA is also produced by Sertoli cells, since prosaposin is de novo synthesized in these cells (31) and can be cleaved to saposin B by cathepsin D (32), also present in Sertoli cell lysosomes (33) . As the major glycolipid of male germ cells, the degradation pathway for SGG in Sertoli cells may be essential for the process of spermatogenesis, since apoptosis occurs at >50% of total germ cell population in normal mice (13) . These apoptotic germ cells are usually phagocytosed by Sertoli cells (34) and their subcellular components, especially those that are cytotoxic, need to be processed after the phagocytosis. Once phagocytosed within the Sertoli cell, apoptotic germ cell fragments presumably fuse with the Sertoli cell lysosomes for the degradation reactions (14) .
Such events in normal mice and rats must be rapid and efficient as examples of this phenomenon are rarely seen (34;35) . A similar process also occurs with residual bodies (36) . However, the latter are numerous, rendering evidence of phagocytosis and the involvement of Sertoli lysosomes in this degradation process (36) .
Phagocytic activity of Sertoli cells is likely enhanced by preferential internalization of acidic lipids, e.g., phosphatidylserine (37), present on the surface of apoptotic germ cells.
Negatively charged SGG is also preferentially internalized into Sertoli cells, even at a higher capacity than phosphatidylserine (Supplemental Fig. S3 ). This "eat me" signal of SGG may reflect the need for SGG degradation in Sertoli cells. Like its analog, SGC, SGG may be cytotoxic when present intracellularly at aberrantly high levels (16 Table S2 ).
The lower levels of SGG in TGCs and in sperm of 8-month old Arsa -/-mice may be a factor related to reduced spermatogenesis and marked decrease in sperm fertilizing ability, respectively. SGG on the testicular germ cell surface is essential for spermatogenesis (11;12) . In normal Sertoli cells, lysosomes appeared as small dense structures (Fig. 7A, panel a) . In The degalactosylation step of GG by GALC remains to be verified.
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